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and solute transport are traditionally described by assuming a monomodal soil porous system and a single continuum approach. However, soil-porous systems are often bimodal or multimodal with a hierarchical composition of pores. A hierarchical pore composition on a microscale was shown, for instance, by Rösslerová- Kodešová and Kodeš (1999) . Complicated soil structure was also studied on a larger scale by , , and Votrubová et al. (2003) . High variability of the soil porous structure in such soils may cause nonequilibrium water fl ow and contaminant transport.
Numerical models that assume bimodal soil porous systems have been developed in the past to describe nonequilibrium water fl ow and solute transport in such soils (Durner, 1994; Gerke and van Genuchten, 1993) . Th e soil porous system in these models is divided into two domains, and each domain is characterized by its own set of transport properties and equations describing fl ow and transport processes. Th e dual-porosity approach defi ning water fl ow and solute transport in systems consisting of domains of mobile and immobile water was presented by Phillip (1968) and Šimůnek et al. (2003) . Th e dual-porosity formulation is based on a set of equations describing water fl ow and solute transport in the mobile domain, and mass balance equations describing moisture dynamic and solute content in the immobile domain. Th e dual-permeability approach assumes that water fl ow and solute transport occur in both domains. Th e dual-permeability formulation is based on a set of equations that describe water fl ow and solute transport separately in each domain (matrix and macropore domains). Diff erent equations may be used to simulate water fl ow in the macropore domains (Šimůnek et al., 2003) . For example, the kinematic wave approach was used by Germann (1985) , Germann and Beven (1985) , and Jarvis (1994) to describe fl ow in preferential fl ow paths. Alternatively, Gerke and van Genuchten (1993, 1996) used the Richards equation to describe fl ow in both domains. Other approaches can be based on the Poiseuille equation (Ahuja and Hebson, 1992) and the Green-Ampt or Philip infi ltration equations (Ahuja and Hebson, 1992; Chen and Wagenet, 1992) . Th e overview of various approaches was previously given by Gerke (2006) . Single-porosity, dual-porosity, and dual-permeability models based on the numerical solution of the Richards equation in all domains were implemented into the HYDRUS-1D software package by Šimůnek et al. (2003, 2005) and successfully applied to simulate water fl ow and solute The impact of varying soil micromorphology on soil hydraulic proper es and, consequently, on water fl ow and herbicide transport observed in the fi eld is demonstrated on three soil types. The micromorphological image of a humic horizon of Haplic Luvisol showed higher-order aggregates. The majority of detectable pores corresponding to the pressure head interval between −2 and −70 cm were highly connected, separa ng higher-order peds with small intrapores that possibly formed zones with immobile water. Herbicide was regularly distributed in this soil. The majority of detectable large capillary pores in a humic horizon of Greyic Phaeozem were separated and aff ected by clay coa ngs and fi llings. The herbicide transport in this soil was highly aff ected by preferen al fl ow. Macropores corresponding to pressure heads higher than −2 cm were detected in a humic horizon of Haplic Cambisol. However, preferen al fl ow only slightly infl uenced the herbicide transport in this soil. Single-porosity and either dual-porosity or dual-permeability fl ow and transport models in HYDRUS-1D were used to es mate the soil hydraulic parameters from laboratory mul step ou low and ponded infi ltra on experiments via numerical inversion and to simulate the herbicide transport experimentally studied in the fi eld. Appropriate models were selected on the basis of the soil micromorphological study.
transport at both laboratory and fi eld scales by Köhne et al. (2004 Köhne et al. ( , 2006a , Pot et al. (2005) , and Kodešová et al. (2005) . Th e same approach was also used by Vogel et al. (2000) . Soil porous systems, and subsequently, their soil hydraulic properties, are infl uenced by many factors, including the mineralogical composition, stage of disintegration, organic matter, soil water content, transport processes within the soil profi le, weather, plant roots, soil organisms, and management practices. Shapes and sizes of soil pores may be studied on images of thin soil sections taken at various magnifi cations. Pore systems with macropores and their impact on saturated hydraulic conductivities, K s , were previously explored by Bouma et al. (1977 Bouma et al. ( , 1979 . Diff erently shaped pores in soils under diff erent management practices and their K s values were studied by Pagliai et al. (1983 Pagliai et al. ( , 2003 Pagliai et al. ( , 2004 . Kodešová et al. (2006) described the eff ects of detectable macropores and larger capillary pores on the shape of soil hydraulics functions. Additionally, they used the dual-permeability model to obtain soil hydraulic properties for separate fl ow domains using numerical inversion. Kodešová et al. (2006) also discussed the restricting impact of clay coatings on water exchange between both domains.
Soil micromorphological images were used in this study to analyze soil porous systems, to distinguish the possible characters of water fl ow, and to select appropriate numerical models for the three diff erent soil types. Soil hydraulic properties were estimated using a multistep outfl ow and ponded infi ltration experiments, and numerical inversion. Resulting soil hydraulic properties were then applied to simulate the water fl ow and reactive solute transport that were studied in the fi eld.
Mathema cal Models
Single-Porosity, Dual-Porosity, and Dual-Permeability Water Flow Numerical Models
Water fl ow in the soil profi le may be simulated using the single-porosity, dual-porosity, and dual-permeability models implemented in HYDRUS-1D Šimůnek and van Genuchten, 2008) . Th e Richards equation, describing the one-dimensional isothermal Darcian fl ow in a variably saturated rigid porous medium, is used in all models.
Th e single Richards equation is used for the single-porosity system:
where θ is the volumetric soil water content [
is solved for the entire fl ow domain using one set of soil water retention and hydraulic conductivity curves. Th e dual-porosity formulation for water fl ow can be based on a mixed formulation of the Richards equation to describe water fl ow in mobile zones (fl owing water, interaggregate pores) and a mass balance equation to describe soil water content dynamics in immobile zones (stagnant water, intra-aggregates pores):
where subscripts mo and im refer to the mobile and immobile domains, respectively, θ mo and θ im are volumetric soil water contents in the mobile and immobile pore domains [L 3 L −3 
where 
where θ e is the eff ective soil water content [-] Concepts of models for solute transport correspond to water fl ow models described above. Th e single convection-dispersion equation for solute transport is used for the single-porosity system:
where subscripts f and m refer to the macropore and matrix domains, respectively. Th e solute transfer is described as follows:
where D e is the eff ective diff usion coeffi cient [L 2 T −1 ]. Th e adsorption isotherm relating in all models adsorbed concentration of solute on soil particles, s, and solute concentration, c, is described by the following general equation:
where k A , β, and η are empirical coeffi cients. Th e zero-and fi rst-order rate reaction term, Φ, is defi ned in all cases as follows:
where μ w and μ s are the fi rst-order solute degradation rate constants in water and on solid [T −1 ], respectively, and γ w [M L −3 T −1 ] and γ s [T −1 ] are the zero-order solute degradation rate constants in water and on solid, respectively.
Materials and Methods

Defi ni on of Soil Porous Systems
Th e study was performed on Haplic Luvisol (parent material loess), Greyic Phaeozem (parent material loess), and Haplic Cambisol (parent material orthogneiss). Th e fi ve-year rotation system with conventional tillage is used at all locations. Micromorphological properties characterizing the soil pore structure were studied in thin soil sections prepared from large soil aggregates. Th ese thin sections were prepared according to methods presented by Catt (1990) . Th e fi nal thin section size was 1.5 by 2 cm. Th e soil pore structure was analyzed using the procedure presented by Kodešová et al. (2006) . Images were taken at one magnifi cation at a resolution of 300 dpi using a Nikon CoolPix 4500 camera. Th e size of the image was 1280 × 860 pixels; the size of the pixel side was 9.7 μm. Image-processing fi lters were used to detect soil pores. True color images were fi rst converted to negative images and then to 16-color images. Pixels of a particular color range were then considered to represent possible pores using thresholding. Resulting images were converted to black-andwhite images, compared with original images, and manually revised by either deleting regions that were not pores (usually mineral grains) or adding pore areas that had diff erent color using the image-processing fi lters. Potential disturbances were eliminated by smoothing the image (removing regions smaller then 4 × 4 pixels). Black-and-white images were fi nally converted into grids using ArcGIS software (ESRI, Redlands, CA). Individual pores were identifi ed using a "regiongroup" function of ArcGIS raster processing tools. Using the zonal geometry function, the following information was obtained: pore areas, perimeters, thicknesses (the radius of the largest circle that can be drawn within each pore), and parameters of centroids that defi ne pore areas, positions, and orientations. Th e total image porosities were determined as ratios between total pore areas and entire image areas. Since small size regions were eliminated, detected pores represent pores with radii larger then approximately 20 μm.
Determina on of Soil Hydraulic Proper es
Soil hydraulic properties were studied in the laboratory on undisturbed 100-cm 3 soil samples (soil core height of 5.10 cm and a cross-section area of 19.60 cm 2 ) placed in Tempe cells. First, the saturated hydraulic conductivity was measured using the constant head method, followed by the multistep outfl ow test. Applied pressure heads were −10, −30, −50, −80, −120, −200, −400, −650, and −1000 cm. Soil water retention data points were obtained by calculating water balance in the soil sample at each pressure head step of the experiment. Th e single-porosity model in HYDRUS-1D was fi rst used to analyze multistep outfl ow data and to obtain the parameters of both soil hydraulic properties (soil water retention and unsaturated hydraulic conductivity functions) that were described using the van Genuchten model (Eq.
[6] and [7] ). Points of the soil water retention curve were also utilized in the inversion. While large values of the weighting factor (WF = 10) were used for all soil water retention data points, standard values (WF = 1) were used for the multistep outfl ow data. While the θ s value was set to the measured value, the remaining soil hydraulic parameters, θ r , α, n, and K s , were optimized. Th e pore connectivity parameter was in all cases assumed to be equal to an average value for many soils (l = 0.5) (Mualem, 1976) . In the second set of inversions, θ s and K s were set equal to the measured values, and remaining parameters, θ r , α, n, and l, were optimized. Depending on the soil porous structure and the character of observed outfl ow and calculated water balance data, either dual-porosity or dual-permeability models in HYDRUS-1D were applied to improve optimization results and obtain soil hydraulic properties suitable for simulations of solute transport monitored in the fi eld. Additionally, a doublering ponded infi ltration experiment was performed on the Haplic Cambisol site. Th e inner-ring diameter was 35.7 cm. Th e ponded depth of 3.5 cm was applied. Th e dual-permeability model was used to obtain hydraulic properties. Th e applied procedure is discussed in the "Results and Discussion" section.
Field and Numerical Study of the Herbicide Transport
Th e transport of chlorotoluron in all three soil profi les was studied under fi eld conditions. Th e herbicide Syncuran (Synthesia, Semtin, Czech Republic), containing 80% a.i., was applied on a 4-m 2 plot on 5 May 2004 at an application rate of 2.5 kg ha −1 of the active ingredient. Two liters of Syncuran solution (0.755 g L −1 , e.g., 0.5 g L −1 of chlorotoluron) were applied to the soil surface followed by one liter of fresh water. Chlorotoluron dissolves in water, adsorbs on soil particles, and degrades with time. Soil samples from layers 2 cm thick (to the total depth of 30 cm) were taken at three positions at each experimental plot using a sampling probe 5, 13, and 35 d after the chlorotoluron application to study the residual chlorotoluron distribution in the soil profi le. Chlorotoluron concentrations within the soil profi le were expressed as the total amount of solute per unit mass of the dry soil (μg g −1 ). Laboratory and mathematical procedures were described in detail by Kočárek et al. (2005) , who published experimental results obtained 35 d after the herbicide application. Th e chlorotoluron mobility in the monitored soils increased from Haplic Luvisol to Haplic Cambisol and to Greyic Phaeozem.
Chlorotoluron was more regularly distributed in Haplic Luvisol than Haplic Cambisol and was signifi cantly aff ected by preferential fl ow in Greyic Phaeozem. Th e maximum depths of signifi cant chlorotoluron concentrations on the 35th day were observed at 6, 22, and 10 cm below the soil surface in Haplic Luvisol, Greyic Phaeozem, and Haplic Cambisol, respectively.
Chlorotoluron transport under fi eld conditions was fi rst simulated using the single-porosity model. Since the chlorotoluron was not detected below the depth of 80 cm, only the upper 80 cm of the soil profi le was considered in numerical simulations. Each soil profi le was divided into soil layers: 0-29, 29-40, and 40-80 cm for Haplic Luvisol; 0-25, 25-44, and 44-80 cm for Greyic Phaeozem; and 0-29, 29-62, and 62-80 cm for Haplic Cambisol. Top boundary conditions were defi ned using daily precipitation rates (Fig. 1) . Th e root water uptake was simulated assuming a time-variable root zone depth, the Feddes stress response function model with parameters for wheat, and daily potential transpiration rates (Fig. 1) . Th e actual root depth, L R , was simulated in HYDRUS-1D as the product of the maximum rooting depth, L m [L] , and a root growth coeffi cient, f r (t):
which is defi ned using the Verhulst-Pearl logistic growth function (Šimůnek and Suarez 1993) :
F . 1. Precipitation (top) and potential transpiration (bottom) rates between the first (1 April) and the last (10 June) day of the experiment.
where L 0 is the initial value of the rooting depth at the beginning of the growing season [L] and, r is the growth rate [T −1 ]. Th e growth rate r was calculated from the assumption that 50% of the rooting depth was reached after 50% of the growing season. Th e initial rooting depth was 20 cm in all cases. Th e maximum rooting depth was 120, 120, and 70 cm for Haplic Luvisol, Greyic Phaeozem, and Haplic Cambisol, respectively, while the harvest time was considered to be 130, 130, and 140 d after the beginning of numerical simulations for the three soils, respectively. Th e evaporation was neglected since the soil surface was almost fully covered with plants from the beginning of the experiment. Free drainage was considered at the bottom of the soil profi le. Numerical simulations were always started on April fi rst, to reach a realistic pressure head distribution in the soil profi le when herbicide was applied. Initial pressure heads in the soil profi le were set to a constant value of −200 cm. Parameters used in simulations of the reactive solute transport are presented in Table 1 . Bulk densities were measured for each horizon. Chlorotoluron adsorption isotherms were determined for the humic and subsurface horizons of each soil profi le using standard laboratory procedures. Degradation rates were estimated from the herbicide dissipations observed in the fi eld assuming the fi rst-order rate reaction:
where c t is the actual concentration in time t, c 0 is the initial concentration, and μ is the fi rst-order solute degradation rate constant [T −1 ]. Degradation was assumed to occur in both liquid and solid phases (Kodešová et al., 2004) . Th e degradation rate constants (the same values in both phases) were evaluated from the amount of pesticide that was applied on the soil surface (25 μg cm −2 ) and the herbicide content 35 d after its application (13,0, 24.2 and 17.4 μg cm −2 in Haplic Luvisol, Greyic Phaeozem, and Haplic Cambisol, respectively). No root solute uptake was assumed. Longitudinal dispersivities (Table 1) were set to values suggested for various soil textures, experimental scales, and transport distances by Vanderborght and Vereecken (2007) . Th e molecular diffusion was neglected. Depending on the soil porous structure and the results of numerical inversions, either dual-porosity or dual-permeability models from HYDRUS-1D (Šimůnek et al., 2003; Šimůnek and van Genuchten, 2008) were used to improve the correspondence between simulated and measured chlorotoluron concentrations under fi eld conditions. Regression coeffi cients were evaluated to assess agreements between measured and simulated data. Since the measured data represented average chlorotoluron concentrations within each 2-cm-thick layer, simulated herbicide concentrations were integrated over each layer and divided by its thickness.
Results and Discussion
Defi ni on of Soil Porous Systems
Depending on the type of pedogenesis, soils exhibit diff erent porous systems. Micromorphological images of humic Ap horizons of all soil types are shown in Fig. 2 . Th e micromorphological image of the humic horizon of Haplic Luvisol (Fig. 2, left) shows higher-order aggregates. Th e majority of detectable pores with radii larger than 20 μm and corresponding to a pressure head higher than −70 cm are highly connected. Higher-order peds, with intrapedal small pores separated by interpedal larger pores, represent possible zones of immobile water. Radii of the largest circle that could be drawn within the largest image pore were 75, 71, 280, 190 , and 239 μm for the Ap1, Ap2, Bt1, Bt2, BC, and Ck horizons, respectively. All pore radii were smaller than the pore radius (= 740 μm) corresponding to the pressure head of −2 cm that is usually considered to be a limit between capillary pores and macropores (Watson and Luxmoore, 1986) . Th e image of the sample from the Ap2 soil horizon (not shown here) displays a similar but more compact structure than the Ap1 horizon. Bt1, Bt2, BC, and Ck horizons display relatively homogeneous matrix structure with many pores smaller than 100 μm and a system of larger pores aff ected to varying degrees by clay coatings and infi llings (Bt1, Bt2, BC). Porosities detected on micromorphological images were as follows: 7.75 (for the Ap1 horizon), 3.7 (Ap2), 12.2 (Bt1), 10.1 (Bt2), 13.9 (BC), and 7.3% (Ck).
Th e micromorphological image of the humic Ap horizon of Greyic Phaeozem (Fig. 2, middle) shows a relatively homogeneous matrix structure with many pores of radii smaller than 50 μm and a system of larger pores. Radii of the largest circle that could be drawn within each pore were 92, 108, and 107 μm for the Ap, Bth, and Ck horizons, respectively. All pore radii were again T 1. Parameters used for reac ve solute transport simula ons. (Fig. 2, right) are poorly developed. The pore system does not show intrapedal or interpedal pores, pores developed mainly along gravel particles. Radii of the largest circle that could be drawn within the largest image pore were 753, 273, and 318 μm for the Ap, Bw, and C horizons, respectively. In this case, several pores of the Ap horizon had radii larger than 740 μm. Macropores, corresponding to pressure heads higher than −2 cm, may create preferential pathways. Images of other soil horizons show similar features. Image porosities were 32.4% for Ap, 11.8% for Bw, and 12.3% for the C horizon. Detected porosity of the Ap image is signifi cantly infl uenced by the presence of macropores.
Determina on of Soil Hydraulic Proper es
Soil hydraulic parameters for the Ap1, Ap2, and Bt1 soil horizons of Haplic Luvisol, shown in Table 2 (which will be used for numerical simulation of the fi eld experiment), were obtained using the numerical inversion of the multistep outfl ow experiment and the single-porosity model. Measured and calibrated outfl ow data, as well as optimized and experimental soil water retention curves (not shown here), were satisfactorily similar. Optimized K s values were signifi cantly higher than those measured using the constant head method on the same soil samples. Th e 95% confi dence intervals for the optimized K s and l values were very wide, indicating that outfl ow experiments provide only limited information about the conductivity function. An agreement between measured and simulated outfl ow data was better when K s rather than l was optimized.
Since the micromorphological study of the Ap1 horizon indicated a possible occurrence of immobile zones, the dualporosity model was also applied in the inverse analysis. Soil hydraulic parameters for the dual-porosity model obtained using the numerical inversion of cumulative outfl ow and soilwater retention curve data are shown in Table 3 . To minimize the number of optimized parameters in the dual-porosity model, the residual water content of the immobile zone, θ r,im , was set equal to θ r of the single-porosity model, while the residual water content of the mobile zone, θ r,mo , was assumed to be equal to zero, the sum of the saturated water contents of the two pore regions (θ s,im and θ s,mo ) was set equal to θ s of the single-porosity model, and the shape parameters α mo (= α im ) and n mo (= n im ) were also considered to be equal to α and n of the singleporosity model. Additionally, θ s,im was defi ned as the saturated soil water content, θ s , minus the measured image porosity. Only the saturated hydraulic conductivity, K s , and the water transfer coeffi cient between the immobile and mobile domains, ω w , were thus optimized. No signifi cant improvement in the agreement between the measured and calibrated outfl ow data, or the optimized and experimental soil water retention curves, was observed. Only the diff erence between optimized and measured K s values signifi cantly decreased. Th e 95% confi dence interval for the optimized K s value is narrower than for the single-porosity model. Horizons below the surface layer were analyzed similarly. While the results for the Ap2 horizon exhibited similar improvements, K s does not signifi cantly decreased for the Bt1 horizon, and its 95% confi dence interval remained large. Th is is probably due to diff erences between micromorphological features of the Bt1 horizon and the other two horizons.
Soil hydraulic parameters for the Ap, Bth, and Ck soil horizons of Greyic Phaeozem shown in Table 4 were obtained using the numerical inversion of the multistep outfl ow experiment while assuming the single-porosity model. Measured and calibrated outfl ow data shown for the Ap horizon in Fig. 3 (left) corresponds well. However, better correlation would be desired near saturation and below the pressure head of −400 cm. Worse agreement was again obtained between measured and simulated T 2. Single-porosity model parameters of soil hydraulic func ons (van Genuchten, 1980) outfl ow data when the l parameter was optimized (not shown). Th e soil water retention curve fi t the experimental data well (Fig.  3, right) . Optimized K s values were again signifi cantly higher than those measured. Th e 95% confi dence intervals for the optimized K s and l values were similarly, as before, very wide.
Th e dual-permeability model was then applied to improve numerical inversion results and to obtain parameters for two fl ow domains referred to as matrix (m) and large pore (f ) domains (the bicontinuum approach). To obtain unique optimization results for this complex model, many of its parameters must be set equal to independently estimated values. Th e fraction of the large pore domain (w f = 0.15) was estimated from the fraction of pores identifi ed from micromorphological images. Th e following parameters were used to defi ne the structure of both domains: β = 8 (the shape factor characterizing angular blocky aggregates), a = 0.5 cm (the characteristic length of an aggregate defi ning elongated pathways), and γ w = 0.4. Saturated water contents of the matrix and large pore domains, θ s,m and θ s,f , respectively, were set assuming that the sum of their values multiplied by domains fractions (w m = 1 − w f = 0.85, w f = 0.15) was equal to the measured θ s value. Residual water contents of the matrix and large pore domains, θ r,m and θ r,f , were set equal to θ r of the single-porosity model and zero, respectively. Parameters α f and n f (Table 5) for the large pore domain were obtained by fi tting the eff ective soil water retention data characterizing the large pore domain that were defi ned as soil water contents for particular pressure heads minus the saturated water content of the matrix multiplied by the domain fraction. Th e lower weighting factor was used for data where the impact of the matrix soil water retention data was expected. Zero soil water contents were set for pressure heads below −120 cm. Considering that large pores control mainly saturated fl ow, the saturated hydraulic conductivity of the large pore domain, K s,f , was defi ned as the ratio of K s measured using the constant head experiment on the same soil sample and domain fraction (w f ). Th e eff ective saturated hydraulic conductivity, K e , for the mass transfer between the matrix and macropore domains was set equal to a small value of 2.4 × 10 −3 cm d −1 (10 −4 cm h −1 ) due to the presence of clay coatings. Remaining parameters α m , n m , and K s,m were optimized (Table 5 ) by minimizing the objective function defi ned using measured cumulative outfl ow and retention data. Optimized parameter values are shown in Table 5 . Th e resulting total soil water retention curve was obtained as the sum of soil water retention curves for the matrix and macropore domains multiplied by their corresponding fractions.
Th e optimized total soil water retention curve and simulated outfl ow data are presented in Fig. 3 . Although the correlation coeffi cient slightly decreased, Fig. 3 (left) shows that agreement between measured and optimized outfl ow data for pressure heads close to saturation and below −400 cm exhibited improvement when the dual-permeability model was used. Th e total saturated hydraulic conductivity (10.6 cm d −1 ), evaluated as the sum of K s values for each pore domain multiplied by their corresponding domain fractions, is not substantially higher than the measured K s value and is considerably lower than K s obtained using the single-porosity model with l = 0.5. Th e 95% confi dence interval for the optimized K s,f is also narrower. Numerical inversions using the dual-permeability model were similarly performed for the other two soil samples. Th e same values of α f , n f , and K e were used for both horizons. Final optimized and fi xed parameters are shown in Table 5 . Th e total saturated hydraulic conductivity (3.32 cm d −1 ) for the Bth horizon is again similar to the measured K s value and is considerably lower than the K s obtained using the single-porosity model. On the other hand, the total saturated hydraulic conductivity (23.1 cm d −1 ) for the C horizon is similar to the K s value obtained using the single-porosity model (for l = 0.5). Th ese diff erences are likely due to diff erent micromorphological features of the matrix domain of the C horizon compared with the other two horizons. Soil hydraulic parameters of the single-porosity model for the Ap, Bw, and C soil horizons of Haplic Cambisol obtained by numerical inversion of the outflow data are shown in Table 6 . Calibrated outflow data and optimized soil water retention curves satisfactorily fi tted the experimental data. Optimized K s values were similar to or higher than T 4. Single-porosity model parameters of the soil hydraulic func ons for horizons of Greyic Phaeozem. † F . 3. Mul step ou low data (le ) and soil water reten on curves (right) obtained on the soil sample characterizing the humic horizon of Greyic Phaeozem.
those measured. Th e 95% confi dence intervals for the K s value are narrower than for previous soils. Optimization of the l parameter again did not improve agreement between measured and simulated data. Th e 95% confi dence intervals for the l value are again relatively wide.
The capillary pore systems of Haplic Cambisol are not bimodal as the capillary pore systems of previous soils. Th e micromorphological study and fi eld observations for the Ap horizon indicated the presence of gravitational macropores (with pore radii larger than 740 μm). Since the multistep outfl ow experiment is not particularly suitable for characterization of macropore fl ow since almost the entire experiment is performed under unsaturated conditions, and since an additional ponded infi ltration experiment was performed at this fi eld site, the soil hydraulic parameters for the dual-permeability model were determined in the following way. Th e soil hydraulic parameters obtained by the optimization process of the multistep outfl ow experiment using the single-porosity model were assumed to characterize only the matrix pore domain. Th e additional macropore domain with pores corresponding to pressure heads larger than −2 cm was represented using a steplike shape retention curve with parameters α f = 0.07 cm −1 and n f = 3, ensuring that macropores were fi lled with water only for pressure heads close to zero. Th e macropore domain fraction (w f = 0.05) for all horizons was set based on fi eld observations. Th e saturated water contents of the macropore domain, θ s,f , was set assuming that the sum of θ s,m and θ s,f multiplied by their corresponding domain fractions (w m = 0.95, w f = 0.05) was equal to the average measured porosities of 0.489, 0.456, and 0.386 cm 3 cm −3 for the Ap, Bw, and C soil horizons. Th e following parameters defi ning the domain's structure were used: β = 8, a = 0.2 cm, and γ w = 0.4. Th e K s values for the macropore domain of all horizons were obtained by numerical inversion of the ponded infi ltration experiment that was performed at the experimental plot. Th e same space discretization was used as for the pesticide transport simulation. Initial pressure head conditions were determined using the matrix soil water retention curve and soil water contents measured in the fi eld. Th e constant pressure head of 3.5 cm (ponded depth) was used as the upper boundary condition. Free drainage boundary condition was used at the bottom of the soil profi le. Similar to Greyic Phaeozem, the eff ective saturated hydraulic conductivity, K e , was set equal to 2.4 × 10 −3 cm d −1 . Th e resulting parameters are shown in Table 7 .
Field and Numerical Study of the Herbicide Transport
Th e chlorotoluron transport in Haplic Luvisol was simulated using the single-porosity and dual-porosity models. In addition to input data described above, the solute transfer coeffi cient, ω s , between the mobile and immobile domains was set equal to 10 −3 d −1 (a similar ω s value was obtained for the Ap horizon of sandy loam by Köhne et al., 2006b) . Cumulative surface water fl uxes, root water uptakes and bottom water fl uxes simulated between the herbicide application (5 May) and the end of the experiment (10 June) using both models are shown in Fig. 4 . Cumulative surface fl uxes are the same since no evaporation was considered and all precipitated water infi ltrated into the soil pro-T 5. Dual-permeability model parameters of the soil hydraulic func ons for horizons of Greyic Phaeozem. † fi le. Th e simulated fi nal root depth was 75 cm in both cases. Th e cumulative root water uptake simulated using the dual-porosity model is lower than that simulated using the single-porosity model because of the presence of immobile domains and lower hydraulic conductivity, resulting in the higher retention ability of the dual-porosity system. Th is phenomenon is also refl ected in simulated cumulative bottom outfl ows. Observed concentrations in the soil profi les were expressed as total amounts of solute (present in soil water and adsorbed on soil particles) per mass unit of the dry soil and compared to simulated chlorotoluron concentrations. Measured and calculated chlorotoluron concentrations 5, 13, and 35 d after the application are shown in Fig.  5 . Regression coeffi cients describing the correlation between the measured and simulated concentrations are presented in Table 8 . Chlorotoluron was regularly distributed in the soil. Although the simulated data using the single-porosity model (Fig. 5 , middle) approximated experimental results (Fig. 5, left) reasonably well, the dual-porosity model (Fig. 5, right) provided a slightly better description of the chlorotoluron distribution in the soil profi le. Th e slightly lower herbicide leaching simulated using the dualporosity model than that simulated using the single-porosity model was caused by the presence of immobile domains and lower hydraulic conductivity.
The chlorotoluron transport in Greyic Phaeozem was simulated using the singleporosity and dual-permeability models. Additional solute transport parameters required by the dual-permeability model included longitudinal dispersivities in macropores, which were set to 3, 4, and 5 cm for the Ap, Bth, and Ck horizons, respectively, and sorption properties and degradation rates of the large pore domain, which were assumed to be the same as in the matrix domain. Although the soil hydraulic characteristics of the single-porosity model were very similar to the total soil hydraulic characteristics of the dualpermeability model (they were obtained using numerical inversion of the same multistep outfl ow and soil water retention data), the simulated fi eld water fl ow and solute transport were signifi cantly diff erent. Cumulative surface water fl uxes, root water uptakes, and bottom water fl uxes between the herbicide application and the end of the experiment simulated using single-porosity and dual-permeability models are shown in Fig. 6 . Cumulative surface fl uxes are again the same. Th e cumulative root water uptake simulated using the dual-permeability model is higher than that simulated using the single-porosity model, because of the faster saturation of the root zone through preferential pathways, and F . 4. Cumula ve surface fl uxes (CSF), cumula ve root water uptakes (CRWU), and cumula ve bo om fl uxes (CBF) simulated between the herbicide applicaon (5 May) and the end of the experiment (10 June) using the single-porosity (SPM) and dualporosity (DPM) models in Haplic Luvisol.
F . 6. Cumula ve surface fl uxes (CSF), cumula ve root water uptakes (CRWU), and cumula ve bo om fl uxes (CBF) simulated between the herbicide applica on (5 May) and the end of the experiment (10 June) using the single-porosity (SPM) and dual-permeability (DPM) models in Greyic Phaeozem. correspondingly no or low water stress reduction simulated using the dual-permeability model. Th e simulated fi nal root depth was in both cases 75 cm. Th e dual-permeability model predicted higher cumulative bottom outfl ow than the single-porosity model due to again faster saturation of the entire soil profi le. Th e dualpermeability model simulated very low preferential fl ow at the bottom of the soil profi le. Th e simulated cumulative outfl ow from the large pore domain was 2 orders of magnitude lower than the simulated outfl ow from the matrix domain. Measured and calculated chlorotoluron concentrations 5, 13, and 35 d after the application in Greyic Phaeozem are shown in Fig. 7 . Even though regression coeffi cients (Table 9) for the 5th and 35th days are slightly lower, a comparison of plotted simulated and measured chlorotoluron concentrations reveals that the dual-permeability model (Fig. 7, right) described the chlorotoluron transport (Fig. 7 , left) better than the single-porosity model (Fig. 7, middle) , mainly because the observed herbicide transport was strongly aff ected by preferential fl ow. While solute moved only to a depth of 8 cm in the single-porosity system, in the dual-permeability system solute moved to a depth of 26 cm, compared with an observed depth of 22 cm. Observed oscillations in chlorotoluron concentrations between 6 and 22 cm depths were probably caused by preferential fl ow, that is, a fast solute penetration to greater depths, and a solute accumulation at the end of preferential pathways (due to their disconnection). Th is phenomenon was not considered in the numerical model. Th e chlorotoluron transport in Haplic Cambisol was again simulated using the single-porosity and dual-permeability models. Similar to Greyic Phaeozem, sorption properties and degradation rates for the large pore domain were assumed to be the same as those in the matrix domain, and the longitudinal dispersivity in macropores was set to 3, 4, and 5 cm for the Ap, Bw, and C horizons, respectively. As expected, the additional macropore domain considerably aff ected simulated water fl ow and solute transport. Cumulative water fluxes simulated between the herbicide application and the end of the experiment using the single-porosity and dualpermeability models are shown in Fig. 8 . Surface cumulative fl uxes are again the same. Th e simulated final root depth was in both cases 45 cm. Th e cumulative root water uptake simulated using the dual-permeability model is slightly lower than that simulated using the single-porosity model due to the signifi cantly higher cumulative bottom outfl ow simulated using the dual-permeability model than that simulated using the single-porosity model. Th e dual-permeability model simulated almost no preferential fl ow at the bottom of the soil profi le. Th e simulated cumulative outfl ow from the large pore domain was four orders of magnitude lower than the simulated outfl ow from the matrix domain. Measured and calculated chlorotoluron concentrations 5, 13, and 35 d after the application in Haplic Cambisol are shown in Fig. 9 . Regression coeffi cients describing the correlation between measured and simulated concentrations are presented Table 10 . Th e numerical simulation that used the single-porosity model (Fig. 9 , middle) again underestimated observed herbicide mobility (Fig. 9, left) . On the other hand, the dual-permeability model (Fig. 9 , right) predicted herbicide movement down to the depth of 40 cm in the macropore domain (not obvious in presented fi gures due to the very low soil water content and low w f ) and consequently large herbicide leaching in the entire fl ow region.
Th e dual-permeability models in both cases (for Greyic Phaeozem and Haplic Cambisol) simulated insignifi cant bottom drainage through the preferential pathways. However, their presence caused fast matrix saturation in the entire soil profi le and consequently, the larger cumulative matrix outfl ow at the bottom than that simulated using the single-porosity model. Th e larger chlorotoluron leaching was caused mainly by herbicide transport T 9. Regression coeffi cients describing correla on between measured and simulated concentra ons for Greyic Phaeozem. F . 7. Distribu on of chlorotoluron in Greyic Phaeozem measured (le ) and simulated using single-porosity (middle), and dualpermeability (right) models.
F . 8. Cumula ve surface fl uxes (CSF), cumula ve root water uptakes (CRWU), and cumula ve bo om fl uxes (CBF) simulated between the herbicide applica on (5 May) and the end of the experiment (10 June) using the single-porosity (SPM) and dual-permeability (DPM) models in Haplic Cambisol.
through the preferential pathways, from which herbicide penetrated into the matrix.
Conclusions
Collected fi eld data and numerical simulations demonstrated that the multiporous nature of soils has a varying impact on water fl ow and transport processes at the fi eld scale. Th e chlorotoluron mobility in the monitored soils increased from Haplic Luvisol to Haplic Cambisol and to Greyic Phaeozem. Th e pesticide mobility refl ects the soil porous system and atmospheric boundary conditions. Chlorotoluron was regularly distributed in the highly connected domain of larger pores of Haplic Luvisol, from which it penetrated into the soil aggregates, that is, zones of immobile water. Th e lowest daily precipitation rates were recorded at this site compared to the other two locations. Th e highest mobility of chlorotoluron in Greyic Phaeozem was caused by larger capillary pore pathways and suffi cient infi ltration fl uxes that occasionally fi lled up these pores. Th e presence of clay coatings in Greyic Phaeozem that restrict water fl ow and contaminant transport between the macropore and matrix domains is an additional cause for this preferential transport that produces chlorotoluron penetration into deeper depths. Chlorotoluron was less regularly distributed in Haplic Cambisol. Despite the highest infi ltration rate, preferential fl ow only slightly aff ected the herbicide transport. Large gravitational pores that may dominate water fl ow and solute transport under saturated conditions were inactive during the monitored period. As a result of complex interactions between meteorological conditions and the soil pore structure, the singleand dual-porosity models describe the herbicide behavior in Haplic Luvisol well, while the dual-permeability model performs better in simulating the herbicide transport in Greyic Phaeozem and Haplic Cambisol. F . 9. Distribu on of chlorotoluron in Haplic Cambisol measured (le ) and simulated using single-porosity (middle) and dual-permeability (right) models.
